Intensity instabilities are a common trademark of the photoluminescence of nanoemitters. This general behavior is commonly attributed to random fluctuations of free charges and activation of charge traps reducing the emission yield intermittently. However, the actual physical origin of this phenomenon is actively debated. Here we devise an experiment, variable pulse rate photoluminescence, to control the accumulation of charges and the activation of charge traps. The dynamics of these states is studied, with pulse repetition frequencies from the single-pulse to the megahertz regime, by monitoring photoluminescence spectrograms with picosecond temporal resolution. We find that both photocharging and charge trapping contribute to photoluminescence quenching, and both processes can be reversibly induced by light. Our spectroscopic technique demonstrates that charge accumulation and trap formation are strongly sensitive to the environment, showing different dynamics when nanocrystals are dispersed in solution or deposited as a film.
C olloidal semiconductor nanocrystals hold great promise for a wide variety of photonic applications owing to their tunable optical gaps and their facile processing. Nanocrystals have been demonstrated as light sources in applications ranging from bioimaging to super-resolution optical microscopy in life sciences, from singlephoton guns to nanophotonic circuits in information and communications technology, and from light-emitting diodes to lasers in optoelectronics. The effective, and often the optimal, operating condition for many of these photonic applications is the singleexcitation regime, with less than one excited electronÀhole pair per nanocrystal at any given time but a large repetition rate of emission events, possibly approaching the steady-state limit. 1À4 The resulting challenge is to design nanostructures capable of emitting light with high efficiency and stability in these working conditions.
Considerable hindrance is therefore caused by the fact that, under steady-state operation, the intensity of the light emitted from a nanosized source tends to be unstable, randomly blinking over time. This ubiquitous phenomenon has been observed for many years in molecular systems and nanostructures. 5À13 More stable emission has been recently achieved by a proper design of the overcoating inorganic shells in colloidal quantum dots. 14À19 Yet, the origin of the emission instabilities is still controversial in prototype nanostructured materials, such as colloidal quantum dots, and is currently the subject of ongoing debates. A large part of the existing literature assumes that fluorescence intermittency is caused by charging and discharging of nanocrystals, 15À18,20À30 based on the well-established experimental evidence that charged quantum dots are weak emitters owing to fast nonradiative Auger recombination of excitons. 1À4,31 Recent experimental results and new theoretical models indicate, however, that fluorescence intermittency may have a different origin, triggered by random activation of B nonradiative exciton traps at the nanocrystal surface. 5À12,32À44 Whether or not these emission instabilities can be indirectly induced, or influenced by light, as recently suggested, is still an open question. 14À19,29,37,45 Experiments aimed at identifying the fundamental mechanisms of photoluminescence quenching so far have taken advantage of single-molecule optical spectroscopy techniques. Here, we report on a different approach, based on transient nonlinear photoluminescence spectroscopy applied to an ensemble of nanocrystal quantum dots. This spectroscopic tool represents a variation on the well-established approach to the dynamics of multiple electronÀhole pairs in the regime of high fluence excitation. 15À18,20À30, 46 We tailored the technique to investigate basic emission quenching processes appearing at injection levels below one electronÀhole pair per nanocrystal per excitation pulse. The key idea is to control the repetition rate and energy of the excitation laser pulses to induce the pile-up of long-lived, nonradiative states surviving in quantum dots from one pulse to the next one. Light-induced quenching processes are then monitored through detection of nonlinear transient photoluminescence. While the technique accesses a long-lived state, a major advantage of variable repetition rate photoluminescence is to retain the full picosecond temporal resolution of ultrafast photoluminescence necessary to detect directly quenching phenomena.
Variable pulse rate photoluminescence spectroscopy is applied here to CdSe/CdS core/shell nanocrystals, in order to control and investigate dark and weakly emitting states in a model system, known for high luminescence quantum yield and reduced blinking. We are able to distinguish between contributions to the emission dynamics due to excitons created in nanocrystals with charged cores from those with active charge traps. We identify the spectroscopic features of both negative and positive trions, their characteristic relaxation times, and the photoinduced trapping kinetics of neutral excitons. We observe that accumulation of charges and the population of trap centers saturate for increasing light intensity in nanocrystal films. From the saturation dynamics, we deduce a lifetime of negatively charged cores on the order of tens of microseconds in nanocrystal films. On the other hand, we have found no specific time scale associated with trap states in nanocrystals in a liquid dispersion, a behavior we tentatively ascribe to nanocrystal interactions with solvent and to the dynamic attachment of ligands. We also find that nanocrystal photoionization occurs through Auger processes and show that multiexciton states have a low photoionization yield, around 10 À3 À10 À4 .
RESULTS AND DISCUSSION
In the top panel in Figure 1 , possible states contributing to a transient photoluminescence signal at energies resonant with the band edge are sketched.
The fundamental optical excitations, band edge excitons (X), are created in neutral nanocrystals by the absorption of a laser photon and subsequent relaxation of electron and hole to the band edge. Trions or charged excitons (X þ and X À ) are created by optical absorption in a charged nanocrystal, that is, a nanocrystal left over by previous laser pulses in a long-lived, charge-separated state, with a positive or negative charge inside the core, while the opposite charge is trapped in a state on the surface or outside the nanocrystal. Trions contribute to band edge photoluminescence, but with a faster radiative emission rate and therefore a larger prompt intensity with respect to neutral excitons, owing to the fact that statistics allow twice as many recombination paths for trions than for excitons. 47 Trapping of electrons or holes after the exciton has relaxed (trapping of thermal excitons, X th ) represents a nonradiative recombination channel reducing the lifetime of excitons and therefore the photoluminescence decay time. On the other hand, trapping of hot photoexcited carriers before they relax (trapping of hot excitons, X h ) occurs in a picosecond time scale and therefore reduces the photoluminescence intensity without affecting its decay time as measured with our streak camera. Finally, absorption of two photons from the same laser pulse may create a biexciton (bX) in the nanocrystal; such a state has a 4 times larger radiative recombination rate with respect to excitons and therefore produces a larger transient photoluminescence signal but is also subject to fast nonradiative Auger recombination and therefore a lifetime typically much shorter than the exciton one (in the Supporting Information, the effects on photoluminescence decays caused by each of the abovementioned states are sketched). 31 Multiexciton states with multiplicity larger than two are not included in this analysis because they can be identified by their emission at photon energies substantially larger than the band gap and they decay into band edge states in a very short transient, on the order of 10 ps.
The bottom right panel in Figure 1 illustrates the potential of nonlinear photoluminescence spectroscopy to investigate emission quenching and to distinguish light emission from neutral, positively, and negatively charged quantum dots. The two different spectrograms in the figure were taken on a nanocrystal film excited with the same laser pulse energy (corresponding to an average number of excitations per nanocrystal N = 0.16), but with two very different pulse repetition rates (4 MHz and 800 Hz): while low repetition pulse train generated only exciton states, high repetition pulses caused pile-up of long-lived charge-separated states, resulting in faster decaying emission from trions and a wider photoluminescence spectrum. In the following, we will fully explore the potential of variable pulse rate photoluminescence to controllably induce charged states and quantitatively determine their properties. Figure 2aÀc shows the time-resolved photoluminescence traces from a nanocrystal toluene dispersion as a function of the laser repetition rate (ν), operating at fixed pulse energies; that is, in each panel, the number of photogenerated electronÀhole pairs per dot per excitation pulse is kept constant (N = 0.0028, 0.09, 0.28, respectively); ν ranges from 400 Hz to 4 MHz. At very low excitation fluences (N < 0.003, Figure 2a ), the decay time of the emission signal is independent of pulse fluence and repetition rate, indicating that light emission comes from the radiative decay of single excitons, while the population of multiexcitons, trions, and photoactivated trap states is negligible. For higher laser pulse fluence, namely, generating N = 0.09 excitons per nanocrystal ( Figure 2b ), a weak component with a fast decay is observed. However, repetition frequency does not affect transient emission, a clear indication that the short-lived signal is due to nanocrystals doubly excited by a single laser pulse (i.e., to biexcitons), while there is no accumulation of charged states from pulse to pulse. At all excitation fluences and intensities, the photoluminescence decay rate of the single-exciton emission is recovered at long delays. This excitonic contribution for each transient photoluminescence is marked by a red trace with amplitude A x and corresponds to the emission signal recorded in the single-exciton regime (N = 0.0028), rescaled to match the overall dot emission at the specific excitation fluence for time delays longer than 15 ns. The difference between the emission signal and the excitonic contribution, highlighted in cyan, provides a direct visualization of the short-lived nonlinear photoluminescence [NLPL(t)]. Figure 2c shows that frequencydependent quenching mechanisms manifest only at the highest fluences (N = 0.28) as a decrease of the emission signal for intermediate pulse repetition frequencies, ν = 800 kHz. The reduction of the prompt photoluminescence, A 0 , suggests that the laser pulse train induces the activation of trapping sites, which capture hot charged carriers before they can radiatively recombine. However, trap centers are not activated permanently, but are reversibly switched on and off in relation with the effective pulse fluence and repetition frequency. Figure 2dÀf highlights how charged states and traps depend on the environment surrounding nanocrystals. The figure panels report the photoluminescence emission decays obtained from a drop-cast nanocrystal thin film; as for the liquid sample, the number of absorbed electronÀhole pairs per dot per excitation pulse was kept constant for each series. Figure 2d ,e shows that the transient photoluminescence in the single-exciton regime, N = 0.0075À0.016, is frequency-independent. Only for excitation levels of N = 0.16, short-lived components are visible ( Figure 2f ). In such conditions, 
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D the phenomenology appears different with respect to the liquid sample. At low frequencies, fast contributions show an amplitude and lifetime consistent with the presence of a small biexciton population. Quenching mechanisms become very effective at high pulse repetition rate, with a frequency threshold at 80 kHz. At the largest frequency, 4 MHz, the long-lived exciton contribution decreases down to 20% of the low-frequency signal, while the enhancement of the prompt emission signal is symptomatic of the formation of a charged exciton population.
The number of available pulse repetition frequencies above the threshold for emission quenching is limited by experimental constraints. To access a more detailed analysis of the quenching mechanisms, we therefore study the nonlinear response as a function of a complementary parameter controlling the accumulation of long-lived nanocrystal states, the pulse fluence, which we can finely tune. In analyzing results, one has however to account for the nonconstant contribution of multiexciton states to photoluminescence. ARTICLE the standard saturation associated with state filling and is only observed at high laser pulse repetition rate; for ν = 800 Hz, saturation effects up to N = 0.16 are negligible, as noticeable by a critical inspection of Figure 2f . The two dashed lines represent the amplitudes expected for A 0 and A x accounting only for biexciton effects, in the absence of trions and traps.
Experimental results in Figure 3 are representative of two different intensity scans, acquired with a 2 h delay between them, and identified respectively by round and square markers; for increasing number of electronÀ hole pairs injected per nanocrystal, experimental points belong alternatively to the first and second run. The two data sets show the degree of reversibility of photoinduced changes in the transient photoluminescence signal. In the delayed experiment, a higher longlived excitonic emission is accompanied by a lower enhancement of the prompt signal. This correlation indicates that a prolonged illumination mainly reduces the efficiency of light-induced nanocrystal charging. 48, 49 Since the amplitudes of photoluminescence components related to traps show very little hysteresis effects when the laser fluence is scanned across the threshold for trap activation, we define trap activation as a reversible effect, apparently not entailing permanent modifications of nanocrystals or their surface ligands. Figure 3 demonstrates that quenching mechanisms for N = 0.15 are so efficient that about two over three excitons decay nonradiatively. If quenching were due to nanocrystal charging, two-thirds of the photoexcitations should be charged excitons, with faster radiative time than excitons, resulting in a large enhancement (∼5/3) of the prompt emission signal with respect to the case in which only neutral excitons were created (red line in Figure 3 ). The weak enhancement of the prompt signal A 0 and the large reduction in the single-exciton contribution A x therefore indicate that light-induced trap states also contribute to photoluminescence quenching. Experiments performed in different films showed similar results, even though the absolute and relative weight of charged states and trap centers to photoluminescence quenching are found to vary from film to film and with film aging.
Spectral analysis of the photoluminescence emission provided additional direct evidence of the contribution of trions to band edge photoluminescence. Figure 4 shows transient photoluminescence spectra extracted from streak camera spectrograms in a time gate of 0.1 ns close to 0.6 ns delay time, for both toluene dispersion (a) and drop-cast film (b) samples. In solution, spectra at high and low excitation level are very similar, and only a slight red shift is observed at high excitation and high repetition rate. In the film instead, at high repetition rate and excitation level of 0.16 electronÀ hole pair injected per dot per pulse, the transient spectrum reveals a red-shifted emission with respect to the lowexcitation spectrum; a weaker, blue-shifted component also appears. We attribute these two components respectively to negatively 50,51 and positively 52,53 charged nanocrystals. Concerning biexcitons, their emission spectrum, measured with the setup for single-shot measurements described in the Supporting Information, could not be distinguished from the excitonic one; therefore, spectral analysis does not provide information on biexcitons. We analyze spectra by deconvolving them as the sum of the low-fluence exciton emission line shape and two Gaussians for the positive and negative trions, respectively. A global fit of all transient spectra of nanocrystals in dispersion and in film gave trion binding energies of À25 ( 5 and þ50 ( 20 meV, respectively, for negatively and positively charged excitons. Fitting the spectrum as a function of time and measuring the weight in the spectrum of the two lateral Gaussian curves, we are therefore able Figure 4c . At delays longer than the biexciton lifetime (τ bX ), the decay time of the photoluminescence signal can be safely ascribed to radiative recombination of neutral and charged excitons alone. The transient traces for t > τ bX are then used to assess the lifetime of negative and positive trions. The accurate determination of τ bX and the procedures used to determine the photoluminescence lifetimes for t > τ bX are described in the Supporting Information; we find τ bX = 0.40 ( 0.03 ns, τ XÀ = 2.3 ( 0.2 ns, and τ Xþ = 1.1 ( 0.2 ns. The experimental values of the nonradiative decay times of trions and neutral biexciton (τ bX ) satisfy the relation 1/τ bX ∼ 2/τ XÀ þ 2/τ Xþ , as one could expect from statistics arguments and in excellent agreement with the pseudopotential theory of Auger lifetimes in colloidal quantum dots. 54 Thanks to spectral deconvolution of transient photoluminescence spectra, we determine the amplitude of the trion photoluminescence. Trion states are created with low fluence excitation, generating on average much less than one electronÀhole pair per nanocrystal, only assuming that a fraction of nanocrystals are left charged by previous laser pulse excitation. We label n þ and n À the fraction of positively and negatively charged nanocrystals, whose excitation leads to X þ and X À , respectively, in each nanocrystal. The fraction of negative and positive trions with respect to exciton population in turn is used to infer the steady-state population of charged nanocrystal states n þ and n À , the precursor states that lead to trions upon optical excitation. Analogously, we define n h and n th as the average number of hot charge (X h ) and thermal charge (X th ) traps per nanocrystal. Details on the procedures used to assess charge (n À and n þ ) and trap (n h and n th ) populations are reported in Supporting Information. Figure 5 shows the steady-state population of the charged nanocrystal state as a function of excitation conditions, resulting from the analysis of both film and dispersion. By measuring the amplitude A x of the single-exciton component surviving for a long time after excitation, we also measure the yield for generation of single excitons and therefore extract the number of light-activated traps. We call the total population of trap states n t = n h þ n th the sum of hot charge (n h ) and thermal charge (n th ) traps. In principle, n t could include a background population of static traps, which are independent of pulse fluence and repetition frequency. Figure 5 therefore reports the quantity δn t (ν) = n t (ν) À n t (ν 0 ), which accounts for the photoinduced trap population with respect to the data taken at the reference frequency ν 0 fixed to 400 Hz. Finally, from the experimental values of A x and A 0 , we evaluate the photoinduced population of hot charge traps, δn h (ν) = n h (ν) À n h (ν 0 ). We find that δn h ∼ δn t , within the experimental uncertainty.
In the liquid dispersion (Figure 5a ), we observe only emission from negatively charged excitons, whose contribution grows gently as a function of laser repetition frequency, ν, following a logarithmic frequency dependence, with no evident saturation threshold for charge accumulation. In other words, we find no specific time scale associated with the creation of charged states in a liquid environment. Light-activated traps are found to contribute only in a range between 4 and 800 kHz, with values around 0.15 traps per dot. On the other hand, in the film (Figure 5b ), the number of charged nanocrystals developing trions instead of excitons is negligible until laser repetition frequency reaches 800 kHz; at such frequency, the contribution of charged states kicks in and grows rapidly as a function of repetition frequency, with more than 35% of nanocrystals ending up negatively charged for ν = 4 MHz. Positive trions are only observed at the highest repetition frequency, where the fraction of quantum dots with a photoinduced extra hole is ∼20%. Consequently, more than half of the nanocrystals are charged at this repetition frequency. Concerning traps, we find a sizable trap population, δn t = 0.1, only at ν = 4 MHz. Figure 6 reports the analysis of photoluminescence data as a function of laser fluence, at the fixed frequency of 4 MHz. The average number of traps and charges per dot has been calculated according to the protocol for data analysis used for nanocrystal solutions. At the highest energy per pulse, Figure 6 shows that most of quantum dots are weak emitters (gray states), due to a large photoinduced population of active traps (n th > n h ) and the accumulation of a significant charge in the core of nanocrystals.
In a photocharging process, one electron (hole) is ejected outside the nanocrystals or trapped at the Figure 5 . Photoinduced traps and charges as a function of the pulse repetition frequency in nanocrystal solutions (a) and films (b). Fraction of nanocrystals with an additional negative (n À ) and positive (n þ ) charge, and with a lightactivated charge trap δn t (ν) = n t (ν) À n t (ν 0 ). δn t (ν) accounts for the photoinduced trap population with respect to the data taken at the reference frequency ν 0 fixed to 400 and 800 Hz in solution and films, respectively. Red line in panel (b) is a curve for the negative charge population calculated according to eq 1, as explained in the text.
G external surface, leaving the core with an unbalanced charge. Such process can start after photoexcitation of a single exciton because of trapping of one of the two charges composing the exciton, or following Auger recombination of a multiexciton state, when one exciton disappears and its energy is conferred to a single charge. In the simplest scenario, called a relaxation time model, split charges recombine with a characteristic lifetime τ À(þ) . Quasi-steady-state population of trap states can be assumed when ντ À(þ) . 1, meaning that n þ and n À at the arrival of the laser pulse are constant from one pulse to the next. In such condition, the charge population reads
where R is the probability that the excited state relaxes through nanocrystal ionization, while m is the order of the multiexciton state (mX) at the origin of photocharging (N is the average number of excitons per dot per pulse). At very low excitation intensities, the population scales as N m νRτ À,þ . Charge saturation can be induced both by varying pulse repetition frequency ν but fixed N or by varying the pulse fluence, and therefore N, but keeping the repetition frequency ν constant. In the former case, n À,þ grows linearly with the pulse repetition frequency ν, as long as N m νRτ À,þ , 1, and eventually saturates at the value n sat,À,þ at high excitation frequencies, when N m νRτ À,þ . 1. This same saturation value can be obtained raising the excitation fluence.
The sharp rise of n À in nanocrystal films is well accounted for by eq 1 (Figure 5b) . In experiments with fixed laser repetition frequency, but varying pulse fluence, one can expect to infer the origin of charged states from the dependence of n À,þ on the mean excitation level, N: in the case of charge splitting in singleexciton states, m = 1 and n À,þ grows linearly with the mean excitation power, as Nν; if, on the other hand, charge ejection is triggered by Auger processes, n À,þ should scale at least quadratically, as N m ν (with m g 2). Figure 6 shows that the simple relaxation time model describes satisfactorily the saturation behavior observed experimentally, demonstrating that generation of negative charges in nanocrystal films is triggered by Auger recombination (m ∼ 2). The saturation pulse fluence, N sat,À , defined as the number of injected electronÀhole pairs at which n À = n sat,À /2 (N sat,À 2 νRτ = 1) can be extracted from the saturation value in Figure 6 and turns out to be 0.05. The value R Â 10 À4 is determined independently in single-pulse experiments, that is, in the absence of charge accumulation between pulses, by fitting the amplitude of the trion emission as a function of the pulse fluence (see Supporting Information for a detailed description of the procedure). The knowledge of N sat,À and R leads to the determination of the characteristic relaxation time for negative charges, τ À = 6 Â 10 À2 s. The time scale of τ À is in excellent agreement with estimates obtained in single-nanocrystal experiments. 21, 34 In films previously exposed to irradiation, we observe a similar behavior except that the pulse fluence necessary to achieve charge saturation increases owing to photobrightening effects.
In nanocrystal toluene dispersions, contrary to the film samples, photoluminescence experiments show a slow increase of the fraction of negatively charged nanocrystals as a function of ν, with no evidence of saturation (Figure 5a ). The stark contrast between charge accumulation behavior in nanocrystal solutions and films points to the key role played by the environment. In solutions, the dependence of n À on the excitation intensity Nν strongly deviates from the behavior foreseen by invoking a recombination time τ À,þ , as explicitly assumed in eq 1. These findings suggest that the dynamics of the ejected charges could be strongly influenced by stochastic interactions with solvating molecules, resulting in a kinetics that is not characterized by a specific time scale. The importance of interaction with the surrounding medium may stem from the fact that ligands are not covalently anchored to the surface; their surface coverage should instead be seen as the result of the dynamical equilibrium between adsorption and desorption processes. 33, 55 One possible explanation for the activation of trap states is changes in the local configuration of surface atoms and passivating ligands, with jumps between minima of the surface free energy possibly triggered by light. Two possible mechanisms can be envisioned: (i) following optical excitation, the excess photon energy and the annihilation energy of multiexciton states are quickly released to phonons and ligand vibrations, providing in this way the required energy to modify the local surface configuration; (ii) alternatively, or in addition to the Fraction of nanocrystals with an extra charge in the core (n þ þ n À ), an additional negative charge (n À ), light-activated charge traps (δn t ), and light-activated traps intercepting thermal charges (δn th ). Red lines are representative saturation curves for the charge population assuming a characteristic recombination time τ À . Parameters are chosen to best reproduce the population of negative charges in nonphoto-treated films (first scan in Figure 3) ; m is the power law index (see main text for definitions). Error bars correspond to one standard deviation.
H previous mechanism, surface rearrangement could be triggered by interactions with charges created in photoionization processes. The reversibility of the photoinduced activation of trap states suggests that surface atoms and ligands can relax to the original equilibrium configuration in a relatively short time τ t . Assuming a quasi-steady-state excitation (ντ t . 1), the dynamics of trap states should be then described by an equation similar to eq 1.
Connecting the observed trap and charge dynamics with nanocrystal blinking is beyond the scope of this paper. However, a link may be established considering that (i) neutral nanocrystals are bright emitters; (ii) charged excitons are weakly emitting and can be referred to as gray states; (iii) an exciton in the presence of hot charge traps does not fluorescence and therefore behaves as a dark state; finally, (iv) an exciton generated in dots with thermal charge traps decays radiatively with a quantum yield depending on the electron trapping rates. Light emission instabilities at the level of the single nanocrystal are thus expected to result from the transition of the dot from one to another of these states, a change that may be triggered by random interactions with the environment or induced by photon absorption.
CONCLUSION
In conclusion, we have introduced variable pulse rate photoluminescence as an experimental technique to investigate long-lived states in colloidal nanocrystals. We measure lifetimes of single charges in nanocrystals and highlight different trap dynamics in liquid and film environments. We demonstrate that dark and weakly emitting states, originating both from charges or traps, can be reversibly turned on and off by light. In the case of carrier traps, we speculate that light can indirectly induce a reversible local reorganization of capping molecules on the nanocrystal surface. It has to be noted that the mechanisms of light-induced emission quenching revealed in the present experiments show up at injection levels corresponding to the single-exciton regime and repetition rates approaching the continuous wave excitation. The design and engineering of novel colloidal nanocrystals for several photonic applications, such as quantum communications, bioimaging, super-resolution optical microscopy, light detection, and low threshold lasers, will benefit from a deeper knowledge of the class of quenching processes peculiar of quasi-continuous wave excitation regimes and their relationship with surface properties.
METHODS
CdSe/CdS core/shell nanocrystals have been prepared by seeded growth, starting from 3.6 nm CdSe cores, then covered with a CdS shell up to a total size of 8À10 nm. 56, 57 The nanocrystals, dispersed in toluene after purification and centrifugation, are capped by a combination of stabilizing agents employed during growth, that is, trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), and hexadecylamine (HDA). The photoluminescence spectrum is centered around 630 nm in wavelength, corresponding to emission from the CdSe core, meaning that even though the optical absorption occurs mostly in the CdS shell, optical excitations relax to the lowest-energy states in the core before emitting. Both toluene dispersions and drop-cast films on microscope slides have been examined. Concentration of nanocrystals in toluene dispersions have been adjusted to keep the optical density of the dispersion inside a 1 mm quartz cuvette within 0.2 at the laser wavelength, ensuring homogeneous laser excitation throughout the cuvette. Considering that the absorption cross section of nanocrystals is 3.8 Â 10 À15 cm 2 at λ = 390 nm, the dispersion concentration was 2 μmol/L. Films were prepared by laying a toluene dispersion drop on a microscope glass slide and letting it evaporate under room atmosphere and at room temperature. The coffee stain type aggregation prevents from quoting a meaningful value for nanocrystal concentration on the glass slide.
The laser source for the time-resolved photoluminescence setup is a titanium:sapphire passively mode-locked femtosecond laser (Spectra Physics Tsunami, pumped by a diodepumped, frequency-doubled Nd:YAG laser, Spectra Physics Millennia), emitting at 780 nm in wavelength, with a 80 MHz repetition rate, 100 fs pulse duration, and 10 nJ energy per pulse. The pulses are then sent to a home-made pulse picker, realized with a single-pass standing-wave acousto-optic crystal, able to extract selected pulses from the laser pulse train at a frequency variable from 400 Hz to 4 MHz, thereby dividing the laser repetition frequency by a factor ranging from 20 to 2 Â 10 5 .
Laser pulses are then frequency-doubled to 390 nm in wavelength by focusing onto a second-harmonic generation BBO crystal, 1 mm thick. Ultraviolet laser pulses are then directed and focused onto the sample with a quartz lens, down to a 150 μm spot, to excite photoluminescence.
The excitation level of nanocrystals can be expressed as the average number N of excitons injected in each nanocrystal by a laser pulse, which can be in turn calculated by multiplying the photon fluence in each pulse by the absorption cross section of nanocrystals. The number of excitations in individual nanocrystals is distributed randomly according to Poisson statistics, so that both singly and doubly excited nanocrystals can emit under a specific excitation intensity. In order to check the accuracy of our determination of N, we compared the values obtained with the previous method with an alternate determination of the average number of excitations N, directly monitoring the very area of the excited sample from which light is detected: we employed the ratio between singly and doubly excited nanocrystals (the exciton to biexciton ratio); such measurement was performed at in the "single-pulse" regime when contributions from charged states were negligible, as discussed in the Supporting Information. Notably, such determination of N was in agreement with the one calculated by multiplying photon fluence and cross section, confirming the reliability of the estimation for the photon fluence impinging on the sample.
Collection optics focus photoluminescence into a 30 cm focal length spectrometer (Acton 2300i, equipped with a 150g/mm grating); time-resolved detection is performed with a streak camera (Hamamatsu model C5680) operating in single-shot mode, triggered by reference laser pulses. The temporal resolution of the setup is 10 ps with a 1 ns acquisition window, but degrades to 50 ps with a 20 ns temporal range. The laser excitation spot, as focused on the entrance of the spectrometer, is much larger (450 μm) than both the horizontal spectrometer slit aperture (50 μm, determining spectral resolution) and the streak camera photocathode vertical slit (50 μm, determining Supporting Information Available: Definition of photoluminescence lifetime, pictorial sketch of the effects of traps and charges on time-resolved photoluminescence traces, description of the experimental setup and detailed results for photoluminescence measurements in the "single-shot" regime, discussion of thermal effects, description of the theoretical model and the equations employed to interpret the data, photoluminescence transients vs pulse fluence at ν = 4 MHz. This material is available free of charge via the Internet at http://pubs.acs.org.
